A form of aversive classical conditioning is described in which a chemosensory conditioned stimulus rapidly acquires the ability to modulate a defensive response (escape locomotion). Because Aplysia show both sensitization and classical conditioning, it is now possible to begin to examine the relationship between nonassociative and associative learning on behavioral and cellular levels.
A central problem in the study of behavior is the analysis of the mechanisms underlying the various forms of learning. What are the cellular mechanisms of associative learning and how do they relate to those of nonassociative learning? Are different forms of learning governed by separate mechanisms or by variations on a common mechanism? Answers to these questions are beginning to emerge. They have come primarily from the use of simple experimental systems in which the animals are capable of various forms of learning and are accessible to analysis on the cellular level (1) (2) (3) (4) (5) (6) (7) .
Because of the relative simplicity of its nervous system and the detailed knowledge available on the biophysical, biochemical, and morphological properties of its neurons (8) , the marine snail Aplysia has been useful for analyzing the mechanisms of two forms of nonassociative learning: habituation and sensitization. Each of these forms has been shown to be due to a change in strength at a specific set of synaptic connections (2, 9) , and in each case the change in synaptic strength results from an alteration in the calcium current controlling transmitter release at the presynaptic terminals (10, 11) .
A level of complexity beyond habituation and sensitization is associative conditioning. A major limitation to the further study of the mechanisms of learning in Aplysia has been the failure to demonstrate associative learning in this animal (12) (13) (14) . We here describe a powerful form of classical conditioning in Aplysia.
The paradigm we have used was based upon classical defensive or aversive conditioning (15) . In this paradigm one stimulus, the conditioned stimulus (CS), is repeatedly paired with an aversive unconditioned stimulus (US). This training commonly gives rise to a set of conditioned responses, which can be studied in two different ways. First, overt motor responses.to the CS sometimes develop and they can be examined directly (5, 15) . A second approach-which we have used here-is to examine the ability of the conditioned stimulus to modulate other (test) behaviors not involved in the original conditioning procedures (16, 17) . The test behavior we have used is escape locomotion.
Despite its technical advantages and theoretical interest, this second approach, commonly used in vertebrates, has not been directly explored in invertebrates. This approach is useful for two reasons. (i) Examination of conditioned modulatory effects
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RESULTS

Conditioning
Procedures. The experimental procedures we used are summarized in Fig. 2 . All animals underwent the pretest on day 1 to assess baseline locomotor responsiveness before training. The test stimulus was a train of weak pulsed electric shock applied across the tail with spanning Ag/AgCl electrodes. The latency of the first step and the number of steps taken within a 5-min period after the shock were recorded by using criteria described in the legend of Fig. 1 .
Animals were then matched on the basis of their pretest scores and assigned to one of three training groups. The "untrained" group received no further trektment during the 2-day training period. The "unpaired" group received training with the shrimp CS and the head shock -US explicitly unpaired. The "paired" group was trained with specific temporal pairing of the CS and US (see Fig. 2 ). Three training trials per day (intertrial interval, 3 hr) were given for 2 days. The training procedure in each trial was similar to that of Mpitsos and Collins (5) . Animals in the paired group received the CS applied over the anterior head region; 60 sec after onset of the CS the US was applied via spanning Ag/AgCl electrodes across the front of the head. The unpaired group was trained with the same CS and US as the paired animals, but received them specifically unpaired; on each trial the CS was delivered 90 min after the US. Eighteen hours after the last training trial all animals were tested, using a blind procedure (by an observer who did not know the animals' individual training histories). In the CS still present, the same test stimulus used in the pretest (weak tail shock) was delivered. The latency and number of steps taken within 5 min were monitored for each animal during the test session. These training procedures resulted in a form of conditioning characterized by (i) temporal specificity, (ii) a requirement of CS presence for the learning to be expressed, and (iii) rapid acquisition. Each of these characteristics will be described in turn.
Temporal Specificity. A critical feature of associative learning is temporal specificity. In both classical and instrumental learning the subject Displays a change in behavior due to specific temporal relationships between events. A common interpretation (23) To test this possibility we examined the two conceivable US intensity differences by giving unpaired training with (i) a functionally stronger US and (ii) a functionally weaker US than that previously used. The weak US was a shock with half the current (200 mA) normally used. The strong US consisted of the same current as normal (400 mA), but the electrodes, instead of being held near the skin, were brought into direct contact with the skin. Separate pilot experiments had indicated that such contact causes considerably more sensitization of a variety of responses than does shock from noncontacting electrodes. After training these two groups (n = 8 in each group) were not significantly different from each other (mean steps ± SEM for strong US group = 2.25 + 2.25, and for weak US group = 3.00 + 2.27) and appeared similar to the unpaired groups receiving the standard US.
Finally, we investigated the possibility that, even if US intensity differences did not account for the effect, differences in the site of US stimulation might contribute to the differences between paired and unpaired groups. We were specifically concerned that, when animals in the paired group withdrew their heads in response to the CS (as most animals do during training), the amount of head and neck surface they exposed to the US might be different, and therefore the paired group might have received a qualitatively different US than the unpaired group (which received the CS and US 90 min apart). We controlled for this possibility by replicating the basic experiment shown in Fig. 2 with the US delivered through seawater-filled glass capillary electrodes, which repeatedly provided precise contact to the middle of the anterior head (centered between the oral tentacles and the rhinophores) even when the animal's head became withdrawn. With this different method of VS delivery the paired group still showed significantly more escape locomotion in the presence of the CS than the unpaired group (P < 0.005; Fig. 4A ). These experiments demonstrate that training with the CS and US specifically paired endows the CS with properties not observed with unpaired presentation of the same stimuli.
We also found that training with either the US alone (Fig.  4B ) or with the CS alone (Fig. 4C) (3 hr later) in the presence of the CS. Paired animals (n = 8) walked significantly more than unpaired animals (n = 8) in the presence of the CS (P < 0.025). The paired animals also walked significantly more than they had in the absence of the CS (P < 0.01, t for correlated means). . Numbers of animals per group were: untrained, n = 27; paired and unpaired (respectively), one trial, n = 16, n = 16; two trials n = 24, n = 24; three trials, n = 24, n = 24; four trials, n = 16, n = 16; five trials, n = 16, n = 15; six trials, n = 26, n = 26; nine trials, n = 16, n = 16. The horizontal broken lines indicate baseline (untrained) performance. Significant differences between paired and unpaired scores were found on trials 5, 6, and 9 (indicated by arrows, P < 0.025, P < 0.005, and P < 0.005, respectively). ditioned facilitatory effect of the CS on escape. These findings further support the conclusion that the ability of the CS to enhance escape locomotion is dependent upon the specific temporal relationship between CS and US during conditioning.
Requirement of CS Presence. Associative learning is usually characterized by marked stimulus specificity (24) . The presence of the CS is necessary for expression of the conditioned response: it is not elicited by other stimuli, except by those that are quite similar. We have begun to examine these features by testing for the requirement of the CS during the test session. If paired training had merely produced a general increase in responsiveness, one could predict that the test stimulus alone might elicit the conditioned effect in the absenee of the CS.
To test this possibility we first trained animals with the standard paired and unpaired protocols (Fig. 2) . These groups were then tested twice, first in the absence of the CS, and then, 3 hr later, in the presence of the CS. After training neither group exhibited much locomotion in response to tail shock in the absence of the CS (Fig. 5) . However, in the presence of the CS, the paired group exhibited significantly more escape locomotion in response to the test stimulus than did the unpaired group (P < 0.025), and, in addition, significantly more locomotion than it had shown in response to the same test stimulus in the absence of the CS (P < 0.01, t for correlated means). In the absence of the CS both groups showed a decrease in locomotion relative to the pretest scores. In the presence of the CS only the paired group showed an increase in locomotion relative to the pretest. These results indicate that the CS is required for the conditioned effect to be exhibited and suggest that the conditioning does not take the form of a nonspecific increase in responsiveness.
Acquisition. We next examined one aspect of the acquisition of the learned response by training different groups of animals with different numbers of trials. Each group was tested the morning after its last training trial. Thus animals receiving one to three trials trials were tested on day 3, while animals receiving four to six trials, as well as animals given zero trials (no training), were tested on day 4 (Fig. 2) . Animals receiving nine trials were tested on day 5. In each case paired and unpaired groups were run and each point on the composite acquisition curve (Fig. 6 ) consisted of at least two experiments for each group. The composite curve for the paired groups (Fig. 6A) was sigmoid. In trials one through four there were no significant differences between the groups. However, after five training trials the paired group exhibited significantly more locomotion in response to the test stimulus than did the unpaired group (P < 0.025), in part due to an unexplained decrease in the control group. By trials six and nine there were consistently large and significant differences between paired and unpaired groups (P < 0.005 in each case).
Two aspects of the acquisition curve (Fig. 6 ) deserve mention. First, although the data were variable, unpaired groups tended to walk more than-paired groups after receiving one to three trials. We are not sure how reliable this small trend is. Second, acquisition appears to be quite rapid in the paired groups after the fourth trial. Rapid acquisition is a common characteristic of aversive classical conditioning in vertebrates (see below).
DISCUSSION
These experiments provide direct evidence that Aplysia can be classically conditioned, forming a powerful temporally specific association between a chemical CS and a noxious electrical US. The association is rapidly acquired and is dependent for its expression upon the presence of the CS. The features of temporal specificity, the requirement of the CS during testing, and rapid acquisition are characteristic of aversive classical conditioning in vertebrates (18) . Moreover, in Aplysia as in vertebrates, aversive conditioning has the interesting feature that conditioning often occurs without overt changes in the external behavioral response to the CS. Rather, conditioning leads to a change in internal state that is manifest in the acquired ability of the CS to modulate a variety of behaviors (25, 26) . For example, aversive classical conditioning can endow a CS with the capability of suppressing appetitively reinforced bar pressing (16), enhancing instrumental avoidance responding (27) , facilitating an unconditioned startle response (17) , and accelerating heart rate (28). These conditioned properties of the CS are specific to the temporal relationships of the CS and US during training as well as to the particular CS used. The acquisition of conditioned aversive responses as revealed by such tests is typically quite rapid in vertebrates, often peaking within 5-10 training trials (17, 29) . The similarity of the effects described for Aplysia to those of aversive classical conditioning in vertebrates encourages the search for further similarities and suggests that mechanisms found in the study Proc. Natl. Acad. Sci. USA 76 (1979) A --lT Proc. Natl. Acad. Sci. USA 76 (1979) 6679 of this form of associative learning in Aplysia may have general significance.
What is the learned response? The associative effect in our experiments is not simply the direct conditioning of a locomotor response because no locomotion is elicited when the shrimp extract is presented alone after conditioning. Two other possibilities for the conditioned effect are: (i) conditioning of another motor response (e.g., head withdrawal or a postural response) that itself facilitates locomotor responses to tail shock, and (ii) conditioning of a motivational or arousal state (perhaps analogous to what is called "fear" in vertebrates) that facilitates escape responses. At present we cannot distinguish between these possibilities. However, neither the withdrawals nor the postures of paired and unpaired animals are noticeably different during the test session. Thus, in contrast to aversive conditioning in Pleurobranchaea, in which conditioning leads to the development of an overt withdrawal response to the CS (5), in Aplysia the conditioning appears to take the form of a powerful change in internal state that becomes manifest in the modulation of a response not directly elicited by the CS. That a specific motor response is not conditioned is consistent with theoretical interpretations of aversive classical conditioning as a conditioned motivational state rather than a conditioned motor response (18, 25, 26) . That Aplysia display well-defined appetitive and defensive motivational states (14, 30) further supports this possibility.
The hypothesis that Aplysia can learn conditioned motivational states has several interesting implications. One prediction is that a range of behaviors will be affected by the CS after conditioning and that these effects will be motivationally consistent; defensive responses should be enhanced and appetitive responses suppressed by the CS (25) . A second implication is relevant to hypotheses about the relationship between sensitization and classical conditioning (8, 31, 32) . Because sensitization is thought to be a component of motivational states (30) , the conditioning of a motivational state would suggest that this form of associative learning is likely to involve, in part, aspects of sensitization. This notion is attractive because it suggests that different forms of learning may utilize various combinations of a restricted set of fundamental plastic mechanisms.
Learning in Aplysia persists after the animal has been restrained and the head ganglia have been surgically exposed. Moreover, we have recently observed neural correlates of aversive conditioning in identified pedal motor neurons (unpublished data). Three other forms of associative learning have also been demonstrated in related gastropod mollusks: avoidance conditioning in Pleurobranchaea (4, 5), bait-shyness in Limax (6) , and intersensory associations in Hermissenda (7) . In each of these animals neuronal correlates of associative learning have also been reported (33) (34) (35) . Thus, in addition to its being possible to examine the relationship between nonassociative and associative learning within the same species, it may be possible to examine on the cellular level the relationships among different forms of associative learning across related species.
